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ABSTRACT 


I 

The  impedance  of  a circular  disc  printed  circuit  antenna 
and  that  of  a full  scale  model  using  polystyrofoam  as  the 
dielectric  were  measured  as  a function  of  the  dielectric 
thickness,  the  operating  frequency  and  the  feed  point  loca- 
tion. The  impedance  of  both  the  model  and  the  actual  printed 
circuit  antenna  was  then  compared  with  existing  data  from  pre- 
vious experimental  investigations. 

The  electric  field  inside  the  cavity  formed  by  the  circu- 
lar radiator  and  the  ground  plane  of  the  model  was  measured 
varying  the  same  parameters  as  before.  These  measurements 
were  then  compared  with  a previous  theoretical  analysis  for 
the  case  of  the  antenna  fed  at  the  edge  of  the  disc.  Field 
measurements  were  also  taken  for  other  feed  positions  for 
which  present  theory  does  not  apply. 
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CHAPTER  I 


INTRODUCTION 


L-1  History 

What  is  a printed  circuit  euvtenna?  From  where  did  it 
evolve?  These  are  two  important  questions  that  must  be  an- 
swered in  order  to  get  a better  understzmding  of  the  printed 
circuit  antenna. 

A printed  circuit  eintenna  is  a printed  circuit  board 
with  the  radiator  photoetched  on  one  side  (the  outer)  of  the 
printed  circuit  board.  The  other  side  of  the  board  is  a sol- 
id metaj  ground  plane,  [i]  Figure  1-1  shows  a simple  circular 
printed  circuit  cmtenna.  The  printed  circuit  antenna  can  be 
circular,  rectangular  or  square  in  shape.  The  circular  disc 
antenna  was  the  particular  radiator  chosen  for  investigation 
and,  thus  all  drawings  and  samples  in  this  thesis  will  be 
that  shape. 

The  printed  circuit  antenna  first  appeared  in  the  liter- 
ature in  1972  when  John  Howell  discussed  rectangular  printed 
circuit  antennas.  [2]  Since  no  theory  had  been  developed  for 
the  design  of  printed  circuit  antennas,  the  process  for  design 
and  matching  of  the  antenna  was  by  necessity,  trial  and  error. 
In  1974  M\inson[3]  introduced  the  wrap-around  printed  circuit 
board  for  use  on  rdssiles,  but  still  offered  no  theory  as  to 
design.  In  1975  Howell  [4]  again  gave  further  design  criteria, 
concentrating  a Little  more  on  the  circular  antenna.  This 
time  Howell [4]  offered  design  procedures  after  determining 
the  size  of  the  radiator.  Finally  in  1976,  Morel,  Long  and 


Shen  [5 ] introduced  a theory  to  provide  a design  procedure  for 
printed  circuit  antennas.  This  theory^  as  applied  to  a cir^ 
cular  disc  antenna,  used  the  fields  and  currents  inside  the 
cavity  to  find  the  far  fields,  the  total  radiated  power  and 
power  losses  in  the  antenna.  The  impedance  of  the  antenna 
has  yet  to  be  theoretically  investigated.  It  is  this  impe- 
dance which  shall  be  carefully  and  thoroughly  examined  exper- 
imentally as  a function  of  the  parameters  of  the  antenna. 

1-2  Previous  Impedance  Results 

Howell  l2 ] in  his  investigation  of  the  rectangular  printed 
circuit  antenna  did  little  for  impedance  determination  other 
than  to  measure  it  at  the  signal  input  location  and  then  de- 
sign a matching  network  to  transform  the  input  impedance  to 
50  ohms.  Munson  [3]  did  try  to  apply  a rough  approximate  the- 
ory for  the  impedance,  but  his  case  was  so  specialized  that 
it  could  only  be  applied  to  that  type  of  antenna,  i.e.,  the 
wrap-around  antenna.  Munson  used  a quarter-wave  transformer 
to  step  down  his  various  feed  point  impedamces  to  the  50  ohms 
needed.  Using  the  quarter-wave  transformer  equation 

1/2 

Z - (Z  2 ) (1) 

t in  out 


he  was  able  to  make  the  transition.  [3]  Howell  [4]  again  ad- 
dressed the  impedance  problem,  this  time  using  the  circular 
disc  antenna  for  his  experiment.  Again  the  50  ohm  match  point 
for  feeding  the  antenna  without  a matching  network  was  found 


by  trial  and  error,  Howell  states  that  the  50  ohm  match 
should  occur  at  a point  near  32%  of  the  radius  from  the  cen- 
ter of  the  disc.  The  impedance  measured  at  the  edges  of  the 
disc  should  be  very  high  while  those  at  the  center  would  ap- 
proach zero. 

These  are  the  only  previous  results  concerning  the  im- 
pedemce.  Now  a more  careful  look  at  the  impedance  and  its 
effects  shall  be  explored. 


1-3  Purpose  of  Experiment 

The  radiation  pattern,  polarization,  gain,  and  impedance 
are  the  four  most  often  investigated  areas  concerning  anten- 
nas, This  thesis  shall  look  at  one  of  these  areas,  that  of 
the  impedance,  closely  and  at  the  same  time  observe  the  fields 
within  the  antenna  structure  itself, 

2^  experimental  investigation  of  the  impedance  was  under- 
taken to  observe  its  changes  as  a function  of  various  para- 
meters such  as  the  thiclcness  of  the  dielectric,  frequency, 
feed  point  location  and  the  grounding  of  the  center  of  the 
disc.  These  same  parameters  were  varied  while  observing  the 
fields  within  the  cavity  between  the  disc  and  the  ground  plane, 
The  impedance  results  are  then  compared  with  previous  exper- 
imental results,  while  the  fields  are  compared  with  that  of 
the  theory,  [5]  The  impedance  is  measured  for  both  a model  of 
a printed  circuit  antenna  and  on  actual  printed  circuit  an- 
tennas made  from  circuit  board.  The  fields  are  measured  only 
on  the  model  of  the  printed  circuit  antenna. 


The  impedance  was  measured  using  three  independent 


CHAPTER  II 

DESIGN  AND  CONSTRUCTION 


2-1  General  Set  Up  and  Shape  of  Antenna 

The  shape  of  the  printed  circuit  antenna  chosen  for  in- 
vestigation is  the  circular  disc  structure.  The  general 
shape  of  the  antenna  is  shown  in  Figure  1-1. 

The  model  of  the  printed  circuit  antenna  is  a full  scale 
model  but  with  interchangeable  disc  radiators  and  multiple 
feed  point  locations.  A model  was  used  so  that  as  many  para- 
meters as  possible  could  be  varied  for  the  study  of  the  impe- 
dance and  the  fields. 

Actual  printed  circuit  board  antennas  were  also  designed 
and  fabricated  using  photetching  techniques  to  conform  as 
closely  as  possible  to  the  same  characteristics  as  the  model. 

2-2  Radiator  Size  Selection 

The  size  of  the  circular  disc  is  dependent  upon  frequen- 
cy, dielectric  constant  and  the  mode  of  operation  desired. [4] 
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a = 


X'  c 
mn 

2TTf  (Sj.) 


(2) 


where  a = radius  of  disc 
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X'-...  * ™ zero  of  the  derivative  of  the  n order  of 
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Bessel  function  for  the  mode  of  operation  desired. 
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c = speed  of  light 
f = frequency  of  operation 

*®  relative  permittivity  of  dielectric  material  (dielectric 
constant) 

The  lowest  order  resonant  mode  is  desired  and  used  in 
this  experiment.  The  theory [5, 8]  shows  that  for  a circular 
disc  the  lowest  order  mode  is  the  n*l  mode  with  a value  of 
.84  for  its  first  zero.  Inspection  of  equation  (2) 
shows  that  the  radius  of  the  disc  is  directly  proportional 
to  the  zero  of  the  Bessel  function  derivative  and  inversely 
proportional  to  frequency  and  the  square  root  of  the  dielec- 
tric constant. 


2-3  Model  Design 

A full  scale  model  was  designed  and  constructed  in  order 
to  be  able  to  vary  as  many  parameters  as  possible. 


2- 3a  Selection  and  Determination  of  Dielectric  Constant 

In  order  for  the  model  to  be  constructed,  a dielectric 
was  needed  in  order  to  start  design  procedures.  Poly styro- 
foam, a dielectric  resembling  that  of  air  was  selected. 

Thus  the  thickness  of  the  dielectric  could  be  changed  with  j 
relative  ease.  Three  thicknesses  were  chosen  for  experimen-  i 
tal  evaluation:  .635  cm.,  .953  cm.,  1.27  cm.  ' 


The  dielectric  constant  of  the  polystyrofoam  was  then 
determined  using  the  following  formulas  and  techniques: 

X = free  space  wavelength 
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'} 

i 
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« dielectric  constant  of  free  space 


pQ  *=  permeability  of  free  space 

f *=  frequency  of  operation 

Ej.  = dielectric  constemt  of  polystyrofoeun 

X = wavelength  in  polystyrofoam 
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now  dividing  (4)  by  (3) 
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solving  for  e^ 


(3) 


(4) 


(5) 


The  slotted  line  method  was  used  in  determining  the  half 
wavelengths  in  both  the  air  and  the  polystyrofoam  filled 
slotted  line.  This  process  is  described  in  the  following 
steps  and  is  good  for  determining  either  wavelength. 


1.  The  desired  frequency  is  set  on  the  signal  source 
and  fed  to  the  short  circuited  slotted  line  as  shown  by  the 


9 


i 


I 


?• 

r 

i i 

1. 


Figure  2-1. 

2.  Obtain  the  slotted  line  position  when  the  reading 
on  the  Voltage  Standing  Wave  Ratio  (VSWR)  meter  is  a minimum 

3.  Obtain  a second  position  on  the  slotted  line  where 
the  VSWR  is  a minimum. 

4.  Subtract  the  first  minimum  from  the  second  to  give 
the  half  wavelength  (j) . 

5.  New  readings  must  be  obtained  for  each  change  in 
frequency . 

Examples  are  given  below  using  this  method  for  both 
1 GHZ  and  600  NHZ. 


600  MHZ 


2nd  min: 


air 

33.1  cm. 


Ist  min: 

^ . 

5“ 


8.28  cm. 


24.82  cm. 


(5-) 


25  cm. 


theory 


substituting  into  (5)  and  solving 


e filled 
r 

28.45  cm. 
3.68  cm. 

j = 24.77  cm. 


,49.64. 

M9.54^ 


1.004 


k 


Block  Diagram  of  Slotted  Line 


I i 


1 GHZ 

air 

2nd  min:  21,1  A cm. 

1st  min:  -12.71  cm. 

A 

Y~  - 15.03  cm. 


X 

(^)  = 15  cm. 

theory 

Substituting  in  (5)  and  solving: 


^1000 


,30.06x2 

'29.84' 


1.01479 


Cj.  filled 
27.88  cm. 
-12.96  cm. 
I = 14.92  cm. 


A wide  rcinge  of  frequencies  were  measured  with  the  average 
being  1.014  and  thus  this  value  was  selected. 

2- 3b  Selection  of  Disc  Size  and  Ground  Plane 

Now  that  the  value  of  the  dielectric  is  known  the  size 
of  the  disc  can  be  determined.  The  material  selected  for 
medcing  the  disc  was  .159  cm.  aliminum.  The  frequencies 
selected  were  600  MHZ  (free  space  wavelength  50  cm.)  and 
1 GHZ  (free  space  wavelength  30  cm.}.  These  frequencies  will 
be  varied  + 200  MHZ  thus  giving  a large  range  over  which  to 
take  measurements.  Also  at  these  frequencies  the  radiators 
remain  large  enough  so  that  the  feed  points  can  be  varied. 

The  radiator  sizes  for  these  two  frequencies  are  a = 14.54  cm. 
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for  600  MHZ  and  8.72  cm.  for  1000  MHZ. 

These  antennas  were  mounted  on  a 9 x 12  foot  ground  plane 


6 feet  high.  The  system  is  shown  in  Figure  2-2.  The  ground 
plane  is  constructed  of  .635  cm.  aluminum  with  a center  sec- 
tion of  3 X 4 feet,  removable  for  mounting  antennas  and  any 
other  apparatus  as  needed. 

For  the  600  MHZ  range  of  frequencies  the  ground  plane 
reuiges  from  5.7  A to  7.3  X for  the  shorter  side  while  the 
1 GHZ  range  is  from  7.3  X to  11.0  X for  the  shorter  side. 

The  ground  plane  clearly  remains  large  in  comparison  with  the 
wavelength  for  the  frequency  ranges  desired  and  is  large 
enough  to  provide  accurate  impedance  measurements . [6] 

2- 3c  Feed  Point  Location 

The  printed  circuit  antenna  up  to  this  time  had  been 
fed  at  the  edge  of  the  radiator  for  most  cases.  Because  of 
this,  various  locations  for  the  feed  points  needed  to  be  ex- 
plored and  the  results  tabulated.  The  theory  developed  for 
the  fields  was  developed  using  edge  feed  criteria. 

The  following  reference  system  was  set  up  for  use  in 
graphing  and  recording  data  and  will  be  used  throughout  the 
remainder  of  this  thesis.  This  reference  system  is  shown  in 
Tables  1 and  2. 


14 


TABLE  1 

600  MHZ  Feed  Point  Location  Radius  = 14.54  cm. 


Feed  Point  No. 

Distance  from  Center  of  Disc  (cm. ) 

1 

14.1175 

2 

12.918 

3 

11.483 

4 

10.101 

5 

8.664 

6 

7.1624 

7 

5.76326 

8 

4.2926 

9 

2.8829 

10 

1.493 

T/^LE  2 

1 GHZ  Feed  Point  Location  Radius  = 8.72  cm. 

Feed  Point  No. 

Distance  from  Center  of  Disc  (cm.) 

1 

8.382 

2 

8.072 

3 

7.0053 

4 

6.151 

5 

5.267 

6 

4.366 

7 

3.4366 

8 

2.565 

9 

1.651 
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Figure  2-3  gives  an  over  all  view  of  the  feed  point  lo- 
cations from  the  top. 

The  radiators  for  the  different  antennas  were  fed  through 
the  ground  plane  to  the  designated  feed  poiiit.  A feed  assem- 
bly using  GR-900  series  connectors  was  constructed  so  as  to 
provide  a 50  ohm  match  to  the  antenna.  The  feed  assembly  was 
constructed  using  transmission  line  theory  and  the  formula [9]; 

Zq  = 60  ln(b/a)  (6) 

The  size  of  the  inner  conductor  was  made  to  be  .361  cm. 
while  the  hole  in  the  ground  plane  was  made  to  be  .828  cm., 
giving  the  required  ratios  for  a characteristic  impedance  of 
50  ohms.  The  back  of  the  ground  plane  was  used  as  the  refer- 
ence point  at  all  times.  Figure  2-4  depicts  the  feed  assem- 
bly attached  to  the  ground  plane  and  radiator.  In  later  mea- 
surements a calibrated  short  was  built  using  the  same  feed 
assembly  with  a shorting  block  attached  at  the  location  of 
the  ground  plane.  This  short  gave  the  saune  reference  point 
as  the  ground  plane. 

2-4  Printed  Circuit  Antenna 

2-4a  Previous  Printed  Circuit  Antenna  Designs 

The  printed  circuit  antenna  is  very  small  in  thickness 
emd  the  low  profile  characteristic  is  one  reason  for  the 
great  interest  in  them.  The  maximum  thickness  used  to  date 
has  been  1.27  cm. [4] although  there  is  no  binding  restriction 
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on  absolute  thickness  as  long  as  it  remains  electrically  thin. 

As  mentioned  earlier  the  printed  circuit  antenna  has  been 
manufactured  in  various  shapes  and  sizes.  The  design  criteria 
for  rectangular  and  circular  antennas  are  different.  The 
circular  disc  antenna  studied  here  is  fed  from  the  underside 
of  the  ground  plane  as  opposed  to  the  recatangular  or  square 
radiator  which  is  usually  fed  by  a stripline  at  one  of  the  j 

sides. [4]  Figure  2-5  shows  the  input  arrangement  of  the  cir- 
cular disc  printed  antenna  with  the  optional  grounding  pin. 

2- 4b  Factors  Determining  Size 

Two  printed  circuit  antennas  were  made  from  copper  lam- 
inated board  using  teflon  fiberglass  as  the  dielectric.  The 
laminate  was  purchased  from  3M  Corporation  and  came  with  a 
certification  of  the  dielectric  constant  of  = 2.47.  The 
thickness  of  the  substrate  is  .1595  cm. 

With  these  quantities  now  known,  design  frequencies 
were  chosen  at  1 GHZ  and  2 GHZ  to  provide  data  for  slightly 
higher  fr«jquencies.  Using  the  formula  (2)  and  the  criteria 
of  using  the  lowest  order  resonant  mode  of  operation,  the 
radius  of  the  radiator  was  found  to  be  5.574  cm.  while  that 
of  the  2 GHZ  radiator  was  2.787  cm.  or  exactly  half  of  the 
1 GHZ  radiator. 

Recall  that  the  1 GHZ  model  radiator  size  was  8.724  cm. 
or  1.56  times  as  large  as  the  printed  circuit  antenna  at  the 
same  design  mode  and  frequency,  but  with  different  dielec- 
trics. In  order  to  fabricate  the  printed  circuit  antennas, 
an  etching  process  was  used. 


Circular 

Disc 


20 


2~4c  Etching  Process 

The  photoetching  process  used  in  making  the  printed 
circuit  antenna  is  a very  simple  one  aind  one  that  is  used 
commercially  for  making  printed  circuit  boards.  The  process 
must  begin  with  the  selection  of  a suitable  chemical  such  as 
Kodak  Photo  Resist,  Type  3 (KPR3} . A coating  mixture  was 
made  by  mixing  KPR3  and  thinner  in  a one  to  one  ratio.  The 
following  procedure  was  used: [7] 

1.  Make  radiator  shape  from  a photo  negative  cr  rubil- 
yte  and  save  for  future  use. 

2.  Clean  printed  circuit  board  by  rubbing  with  steel 
wool  and  cleanser.  This  gets  rid  of  any  soiled  condition  on 
the  board  which  could  interfere  with  the  process. 

3.  Coat  surfaces  with  KPR3  mixture  made  previously. 

4.  Place  photo  negative  on  circuit  board  and  expose  to 
ultraviolet  light  for  5 minutes.  Turn  over  and  expose  back- 
side for  same  amovint  of  time. 

5.  Place  exposed  circuit  board  in  KPR  developer  for  2 
minutes,  agitating  continously.  Remove  and  rinse  with  water. 
A faint  circle  should  appear  where  the  circuit  board  was  ex- 
posed through  the  photo  negative  by  ultraviolet  light. 

6.  Place  board  in  etching  chamber  and  set  timer  for  5 
minutes.  All  unexposed  copper  should  be  etched  away  by  the 
ferrous  chloride  at  the  end  of  this  time.  If  not,  set  timer 
for  an  additional  minute  or  until  only  the  radiator  and 
ground  plane  are  left  etched  on  the  board. 

7.  Rinse  with  water  and  place  in  copper  brighter  for  1 


minute  then  rinse  again  and  place  in  plating  solution  until 
copper  turns  silver  in  color. 

The  etching  process  is  complete. 

2-5  Feed  Point  Location 

Feed  points  were  located  at  the  edge  on  both  the  1 GHZ 
and  2 GHZ  printed  circuit  antenna.  An  edge  feed  was  chosen 
mainly  to  verify  the  theory  proposed  in  [5] and  also  to  chcinge 
feed  points  on  the  actual  printed  circuit  antenna  is  very 
cumbersome  and  damage  to  the  antenna  often  results.  However/ 
feed  points  were  changed  once  and  moved  to  the  half  way  point 
on  each  antenna. 
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3“1  Quantities  Measured 

The  quantities  measured  in  this  investigation  were  the 
driving  point  impedance  and  the  electric  field  inside  the 
antenna  structure. 

The  impedance  of  the  model  was  measured  using  two  differ- 
ent size  radiators,  one  with  a design  resonant  frequency  of 
600  MIZ  and  the  other  with  a design  resonant  frequency  of 
1 GHZ.  The  impedance  was  measured  as  a function  of  the  di- 
electric thickness,  frequency,  and  feed  point  location.  On 
the  model  three  different  dielectric  thicknesses  were  used. 

On  the  actual  printed  circuit  board  antenna,  radiators  whose 
design  resonant  frequencies  were  1 GHZ  and  2 GHZ  were  used. 
Again  the  feed  point  location  was  varied,  but  the  dielectric 
thickness  remained  constant. 

The  electric  fields  measured  on  the  model  will  again  have 
the  same  parameters  varied  as  for  the  impedance,  while  there 
will  be  no  field  measurement  on  the  printed  circuit  board 
antennas.  The  electric  field  normal  to  the  disc  and  ground 
plane  was  measured. 


1 


3-2  Methods  of  Measurement 

3-2a  Impedance 


The  impedance  of  the  model  and  the  printed  circuit  antenna 
was  measured  by  several  methods  to  check  the  accuracy  of  the 
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results  and  the  systems  used. 

The  first  method  used  was  the  slotted  line  method.  The 
block  diagram  in  Figure  3-1  shows  the  equipment  used  in  this 
method.  Single  minimiim  and  double  minimiun  methods  were  I 

used. [6,10] 

The  slotted  line  technique  was  used  in  the  following  man- 
ner. [6] 

1.  The  equipment  was  connected  as  shown  in  Figure  3-1. 

2.  A calibrated  short-circuit  with  the  same  reference 
plane  as  the  model  or  the  printed  circuit  board  antenna,  was 
connected  to  the  slotted  line.  The  calibrated  short-circuit 

is  described  in  Chapter  2.  I 

J 

3.  The  desired  frequency  is  set  on  the  signal  generator  | 

and  the  slotted  line  probe  is  adjusted  for  a maximum  reading. [1]  i 

The  voltage  standing  wave  ratio  (VSWR)  meter  is  then  adjusted 

for  a VSWR  reading  of  1. 

4.  The  slotted  line  probe  with  the  short-circuit  termin- 
ation attached  is  then  moved  so  as  to  obtain  two  minima  on 
the  VSWR  meter.  The  position  of  each  minimum  is  recorded. 

5.  These  mimima  allow  the  wavelength  of  the  frequency 
used  to  be  calculated. 

6.  The  antenna  is  now  attached  to  the  slotted  line  and 
the  measurements  are  taken,  as  in  number  4 with  the  addition 

of  the  VSWR  reading  now  also  being  recorded.  I 

7.  The  following  is  then  used  to  calculate  the  input 
impedance  by  the  use  of  the  Smith  Chart. [10] 


■A 


Frequency 
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8.  Now  with  the  answer  from  (9)  and  the  VSWR  reading  j 

taken  in  6,  the  Smith  Chart  can  be  used  to  find  the  normal- 

1 

J 

ized  impedance.  The  sign  in  (9)  determines  which  direction  ! 

to  move  on  the  Smith  Chart.  The  positive  (+)  means  to  ro- 
tate toward  the  generator  and  the  negative  (-)  means  to  ro- 

! 

tate  toward  the  load. [10] 

A complete  example  of  this  method  is  shown  in  Appendix  I. 

The  second  slotted  line  method  used  was  that  of  the  double 
minimum.  The  equipment  used  is  the  same  as  in  Figure  3-1  and 
the  method  of  evaluation  is  the  same  as  the  single  minimum 
except  that  instead  of  the  reading  being  taken  at  the  minimum 
for  both  the  short-circuit  and  the  antenna,  readings  are 
taken  3 db  above  and  below  the  minimum.  The  two  readings  are 
then  averaged  and  the  process  for  finding  the  impedance  is 
then  the  same  as  before  with  the  single  minimum. 

i 

I 

•) 
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3- 2b  Network  Analyzer [11] 

The  Hewlett  Packard  network  analyzer  model  8410/8411A 
was  the  mainstay  for  measurement  of  the  impedance  for  both 
the  model  and  the  printed  circuit  antennas.  The  block  diagram 
in  Figure  3-2  shows  the  system  set  up  and  gives  the  different 
types  of  displays  used  for  recording  data.  Both  the  polar 
display  CRT,  which  displays  amplitude  and  phase  data,  and 
the  phase-gain  indicator,  which  displays  relative  amplitude 
in  dB  between  the  reference  and  test  channel  inputs  or  rela- 
tive phase  in  degrees  by  push-button  were  used.  This  al- 
lowed a doxible  check  on  the  data.  The  network  analyzer  uses 
the  reflection  coefficient  for  its  data  output.  From  this 
the  impedance  of  the  antenna  can  be  calculated.  The  impe- 
dance is  given  by; [12] 

where  = characteristic  impedance  (50fi) 
r * reflection  coefficient 

Since  the  reflection  coefficient  is  given  as  a magnitude  and 
an  angle,  a computer  program  was  written  which  gives  the  re- 
sulting load  impedance  Z^.  This  program  is  given  in  Appendix 
II. 

3-2c  Field  Measurement  Technique 

The  electric  field  measured  on  the  model  was  done  with  a 
monopole  probe.  The  monopolc  probe  gives  a reading  which  is 


Block  Diagram-Network  Analyzer 


ii  directly  proportional  to  the  electric  field  inside  the  anten 


na  structure.  The  probe  will  have  an  induced  current  that 
will  produce  a directly  readable  voltage  proprotional  to  the 
* electric  field. 

t . 

The  equipment  used  for  this  measurement  is  shown  in  Fig- 

1,  ure  3-3.  The  vector  voltmeter  gives  the  field  reading  and 

i 

I the  phase  difference  with  respect  to  channel  A,  the  signal 

i 

I source  phase.  The  field  and  phase  are  later  normalized  with 

i a certain  value  obtained  for  each  different  feed  point  and 

I * 

thickness  change  in  the  dielectric. 

..  The  probe  is  shown  in  Figure  3-4  and  has  a diameter  of 

.053  cm.  and  a total  length  of  .526  cm.  The  probe  is 
mounted  such  that  it  can  be  screwed  in  and  out  of  the  ground 
plane  into  the  cavity  of  the  antenna. 

3-3  Model  Results 

3- 3a  Impedance 

The  model  impedance  was  measured  using  three  varying 
thicknesses  of  dielectric.  The  first  step  was  to  calculate 
the  electrical  thickness,  kd  (wavelengths  in  the  dielectric), 
for  the  various  thicknesses  in  order  to  make  comparisons  with 
those  in  Table  3. [13]  These  are  the  values  of  kd  for  actual 
printed  circuit  antennas  previously  investigated  experimen- 
tally. 


i 


I 

i 

I 

i 


31 


TABLE  3 [13] 

Design  Parameters  for  Circular  Printed 
Circuit  Antennas 


d(mm) 

d (inch) 

kd 

1.52 

.0599 

.148 

.75 

.0296 

.073 

.36 

.0143 

.035 

.13 

.0053 

.013 

f =2.96  GHZ, 
0 

2.56,  ka  = 1.84,  a = 1.89 

cm. 

Table  4 and  Table  5 show  kd  for  both  the  600 

MHZ  and  1 GHZ 

model  circular 

disc. 

TABLE  4 

Design  Parameter  for  Circular  Disc  Antenna 

(Model) 

d (mm) 

d(inch) 

12.7 

.50 

.161 

9.53 

.375 

.111 

6.35 

.25 

.080 

= 600  MHZ,  Ej.  = 1.014,  ka  = 1.84,  a = 14.54  cm. 


f 
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Design  Parameters 

TABLE  5 

for  Circular  Disc  Antenna 

(Model) 

d(mm) 

d (inch) 

12.7 

.50 

.268 

9.53 

.375 

.185 

6.35 

.25 

.134 

= 1 GHZ,  = 1.014,  ka  = 1.84,  a = 8.729  cm. 


Comparing  the  tables,  it  can  be  seen  that  the  kd  values 
for  the  600  MHZ  model  fall  among  and  slightly  above  the  kd 
values  of  the  printed  circuit  antennas.  From  this  one  v/ould 
expect  to  find  some  differences  in  results  but  not  an  appre- 
ciable amount. 

In  the  impedance  measurement  taken  it  was  necessary  to 
interpolate  between  some  points  in  order  to  find  values  of 
extrema  as  well  as  to  help  determine  the  exact  shape  of  the 
curves.  These  interpolations  were  done  by  converting  the 
impedance  (Z^^)  of  the  points  to  admittances  (Y^^)  and  finding 
the  conductance  (G^^)  and  susceptance  (B^^)  . This  is  done  be- 
cause these  curves  are  very  nearly  linear  over  narrow  frequency 
bands  near  resonance.  Once  the  conductance  and  susceptance 
of  the  new  point  are  found  from  the  linear  approximation, 
they  are  then  converted  back  to  resistance  and  reactance  at 
that  frequency.  The  data  points  from  these  interpolations 
will  appear  as  triangles  (A)  on  all  graphs. 

The  first  model  investigated  was  the  600  MHZ  circular 


disc.  Figures  3-5  and  3-6  illustrate  that  the  resonant  fre- 
quency is  a direct  function  of  the  thickness  of  the  dielec- 
tric. The  thinner  the  dielectric  the  higher  the  resonant 
frequency.  Although  Figures  3-5  and  3-6  depict  only  the  edge 
feed  location,  others  can  be  compared  using  Figures  3-7 
through  3-12.  This  is  also  shown  in  the  data  in  Appendix  III. 
Figures  3-5  and  3-6  also  bear  out  the  results  performed  ear- 
lier by  Howell. [4]  It  can  also  be  observed  that  the  resonant 
frequency  does  vary  with  each  change  in  feed  point  for  each 
thickness. 

The  resonant  frequency  design  of  600  MHZ  was  never 
achieved.  The  resonance  was  always  lower  than  that  of  the 
design.  In  Figures  3-7  and  3-8  for  the  .635  cm.  dielectric 
the  resonant  frequency  varied  from  548  MHZ  to  552.5  MHZ  for 
a 8.33%  average  below  the  design  frequency.  The  -953  cm. 
dielectric  varied  from  536  MHZ  to  541  MHZ  for  an  average  of 
10.25%  below  design.  This  is  seen  in  Figures  3-9  and  3-10. 
Figures  3-11  and  3-12  show  the  1.27  cm.  dielectric  varying 
from  525  MHZ  to  535  MHZ  for  an  average  of  11.67%  below  the 
design  resonance. 

All  of  the  figures  are  for  ein  ungrounded  center,  but 
the  data  for  the  grounded  center  disc  shows  no  noticeable 
change  in  the  resonance  positions.  These  data  points  are 
found  in  Appendix  IV  and  can  be  compared  with  that  in  Appen- 
dix III. 

For  the  case  of  the  600  MHZ  circular  disc  antenna  it 
can  be  seen  in  Figures  3-7  through  3-12  that  the  antenna  did 
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not  have  a true  resonant  point  once  the  feed  point  was  moved 
to  point  8 or  closer  to  the  center  of  the  disc.  Once  the 
radius  exceeded  or  equalled  5.76  cm.  then  there  was  resonance. 
This  is  not  to  say  that  resonance  did  not  occur,  but  that  the 
impedance  still  had  a finite  reactance  value  for  all  frequen- 
cies until  the  feed  was  moved  to  a point  greater  than  5.76  cm. 
from  the  center.  Then  a proper  impedance  match  could  be  made. 
This  occurred  at  39.6%  of  the  radius  from  the  center. 

The  1 GHZ  circular  disc  antenna  was  measured  next. 

Again  as  with  the  600  MHZ  disc  the  1 GHZ  disc  resonant  fre- 
quency was  found  to  increase  as  the  dielectric  thickness 
decreases.  This  is  illustrated  in  Figures  3-13  and  3-14. 
Figures  3-15  through  3-20  again  show  the  decrease  in  magnitude 
with  change  in  feed  point  location  and  also  show  the  varia- 
tion of  the  resonant  frequency  as  the  feed  point  is  changed 
for  each  thickness.  For  the  1 GHZ  design  the  resonance  is 
below  the  design  value  for  all  thicknesses.  For  the  .635 
cm.  thick  dielectric,  the  resonance  varies  from  888  MHZ  to 
894  MHZ,  for  an  average  of  10.9%  below  design.  The  .953  cm. 
dielectric  varies  from  851  MHZ  to  870  MHZ,  for  an  average  of 
13.95%  below  design.  The  1.27  cm.  dielectric  varies  from 
834  MHZ  to  850  MHZ,  for  an  average  of  15.8%  below  design 
resoneuice.  Again  certain  feed  points  are  noted  not  to  have 
resonant  points.  This  occurs  at  feed  point  7 and  closer  to 
the  center.  When  the  radius  exceeds  3.44  cm.,  resonance 
again  takes  place  as  it  did  for  the  600  MHZ  disc.  Again 
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from  the*  center.  The  data  for  the  1 GHZ  grounded  disc  are  given 
in  Appendix  VI  and  may  be  compared  with  the  data  in 
Appendix  V which  show  virtually  no  change  in  resonance  fre- 
quencies. 

3- 3b  Field  Measurements 

The  field  measurements  were  taken  using  the  probe  and 
vector  voltmeter  described  earlier  in  the  chapter.  Both  the 
600  MHZ  and  1 GHZ  disc  radiators  were  used.  The  electric 
field  inside  the  structure  was  measured  and  then  plotted  in 
Figures  3-21  to  3-24.  The  theoretical  value  of  the  electric 
field  (valid  only  for  the  edge  fed  case)  is  given  by: 

E_  = E J,  (kr)cos  ({>  (11) 

u Ox 

where  = 1st  order  Bessel  function 


r = radius  of  disc 

^ = azimuthal  angle  measured  from  feed  point 

Figures  3-21  and  3-24  show  the  electric  field  measure 
ments  as  a function  of  position  for  various  dielectric  thick-  \ i 

nesses.  For  both  discs,  600  MHZ  and  1 GHZ,  the  phase  changes 
approximately  180  degrees  near  the  minimum,  of  the  field  mag- 
nitude. Figures  25  through  28  for  different  feed  point 
locations  tend  to  show  a shift  in  the  minimum  of  the  field. 

This  shift  is  more  toward  centering  the  field  on  the  disc, 
with  the  minim.um  occurring  between  the  feed  point  and  the 
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Figure  3-21 
Mormallzed  jE^I  Vs.  a 
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Figure  3-23 
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far  edge  of  the  disc. 

All  of  the  electric  field  graphs  have  been  normalized 
to  a magnitude  of  one  and  a phase  of  zero  at  the  field  point 
nearest  and  just  inside  the  feed.  The  data  for  the  field 
points  are  found  in  Appendix  VII. 

3-4  Printed  Circuit  Antenna  Impedance 

Two  printed  circuit  antennas  were  fabricated  with  design 
resonant  frequencies  of  1 GHZ  and  2 GHZ  respectively.  These 
antennas  were  fabricated  on  teflon- fiberglass  printed  circuit 
board  with  the  design  parameters  shown  in  Table  6 . 


TABLE  6 

Design  Parameters  Printed  Circuit  Board 


f 

d (mm) 

d (inch) 

kd 

1 GHZ 

1.6 

.063 

.053 

2 GHZ 

1.6 

.063 

.105 

a^^  = 5.57  cm.  - 2.47  ka  = 1.84 

a2  * 2.78  cm.  - ' 


The  impedance  was  measured  for  both  the  antennas  and 
the  results  are  shown  in  Figures  3-29  through  3-34.  The 
measurements  were  first  taken  with  the  center  not  grounded 
as  shown  in  Figures  3-29  and  3-30.  They  were  then  remeasured 
with  the  center  being  grounded.  As  can  be  seen  in  Figures 
3-31  and  3-32  the  grounding  had  very  little  effect  on  the 
resonant  frequency  or  the  magnitude  of  the  resistance.  This 
supports  the  earlier  results  found  with  the  model.  The  feed 
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point  was  moved  to  j for  each  antenna  and,  as  in  the  case  of 
the  model,  there  was  a drop  in  the  magnitude  of  the  resis- 
tance and  only  a slight  variation  in  the  resonant  frequency. 

The  1 GHZ  antenna  had  an  ^erag^resonant  frequency  of 
968  MHZ  or  3.2%  below  the  design  resonance.  The  2 GHZ  an- 
tenna had  a 1.91  GHZ  average  resonant  frequency  or  4.55% 
below  design  resonance.  Again  the  printed  circuit  antenna 
bears  out  the  results  of  the  model  in  that  the  resonant  point 
is  below  design.  Also  it  shows  that  the  thinner  the  dielec- 
tric, the  closer  to  design  frequency  the  antenna  approaches. 
For  each  different  dielectric  this  average  resonant  frequen- 
cy seems  to  vary  almost  linearly  with  the  electrical  thick- 
ness, kd  as  shown  in  Figure  3-35. 


Figure  3-35 


Normalized  Average  Frequency  Vs. 
The  Electrical  Length  of  Dielectric 


CHAPTER  IV 


COMPARISONS,  CONCLUSIONS  AND  PREDICTIONS 


4-1  Comparisons 


4- la  Impedance 


The  variations  in  impedance  for  both  the  model  and  the 
printed  circuit  antennas  were  found  to  be  quite  similar. 

Even  though  the  kd  for  the  model  and  that  of  various  printed 
circuit  antennas  were  different,  it  was  observed  to  have  little 
effect  on  the  general  characteristics  of  the  circular  disc 
or  printed  circuit  antenna. 

Some  important  characteristics  that  can  be  associated 
with  the  printed  circuit  antenna  are  as  follows; 

1.  The  resonant  frequency  is  a function  of  the  dielec- 
tric thickness.  The  thinner  the  dielectric,  the  closer  to 
the  design  resonant  frequency  the  antenna  approaches.  This 
was  shown  both  with  the  model  and  the  actual  printed  circuit 
antenna.  The  grounding  of  the  radiator  at  the  center  did  not 
effect  this  result. 

2.  The  magnitude  of  the  impedance  was  found  to  decrease 
as  the  feed  point  was  moved  closer  to  the  center.  This 
occurred  for  both  the  model  and  the  actual  printed  circuit 
antenna.  Again  grounding  the  center  of  the  disc  or  radiator 
had  no  effect  on  this  result. 

3.  The  resonant  frequency  was  found  to  vary  a small 
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amount  with  the  movement  of  the  feed  point.  However,  this 
change  in  frequency  was  not  constant  and  varied  only  over  a 
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small  percentage  of  the  design  frequency.  This  can  be  seen 
in  Figures  4-1  and  4-2.  This  occurred  for  both  grounded  and 
ungrounded  radiators  of  both  the  model  and  the  printed  circuit 
antenna. 

4.  It  was  shown  on  the  model  that  only  for  feed  points 
located  greater  than  39%  of  the  way  from  the  center  to  the 
edge  tliat  actual  resonance  could  take  place. 

4- lb  Fields  Compared  With  Theory 

The  electric  field  measured  on  the  model  did  compare 
reasonably  well  with  that  predicted  by  theory.  The  magnitude 
of  the  field  should  approach  zero  at  the  center  of  the  disc. 

In  actuality  the  magnitude  does  approach  zero  but  not  at  the 
exact  center  of  the  disc.  The  field  tends  to  be  offset 
slightly  but  still  fairly  reasonable  agreement  is  found.  The 
phase  on  the  other  hand  does  have  some  variation  from  the 
theory  but  does  follow  €R&Ni^ttern  of  being  zero  at  the  field 
magnitude  maximum  and  changing  fl^roximately  180®  as  the 
field  goes  through  a minimum.  Since  no  theory  was  developed 
for  the  field  except  for  an  edge  feed^  the  rest  of  the  fields 
Ccuinot  be  compared.  However,  there  seems  to  be  a tendency 
for  the  field  magnitude  minimum  to  shift  toward  the  far  edge 
of  the  radiator  as  the  feed  point  moves  toward  the  center  of 
the  disc. 

4-2  Conclusions  and  Predictions 

The  printed  circuit  antenna  is  a low  profile  antenna 
making  it  very  desirable  from  an  aerodynamic  standpoint. 
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With  results  found  here  for  the  impedance,  a feed  point  can 
be  located  which  will  match  a wide  range  of  impedances.  The 
measurements  of  the  fields  allows  the  n=l  mode  of  excitation 
to  be  confirmed. 

With  these  facts  and  data  a theory  for  the  impedance 
should  be  shortly  forthcoming. 


i. 


i 

i • 

r • 

I . 


r 


74 


REFERENCES 


1.  Ball  Brothers  Research  Corp.,  "Microstrip  Antenna  and 
Antenna  Systems,"  a brochure,  date  unknown. 

2.  John  Q.  Howell,  "Microstrip  Antennas,"  1972  IEEE  G-AP 
International  Symposium  Digest,  pp.  177-180,  December 
1972. 

3.  Robert  E.  Munson,  "Conformal  Microstrip  Antennas  and 
Microstrip  Phased  Arrays , " IEEE  Transactions  on  Antennas 
and  Propagation,  vol.  AP-22,  pp.  74-78,  January  1974. 

4.  John  Q.  Howell,  "Microstrip  Antennas,"  IEEE  Transactions 
on  Antennas  and  Propagation,  vol.  AP-23,  pp.  90-93, 

January  1975. 

5.  Pierre  B.  Morel,  Stuart  A.  Long,  and  Liang  C.  Shen,  "A 
Theoretical  Investigation  of  the  Circular  Disc  Antenna," 

IEEE  Region  V Conference,  April  1976. 

6.  Stuart  A.  Long,  "An  Experimental  Investigation  of  the 
Impedance  of  Cavity-Backed  Slot  Antennas,"  Cruft  Laboratory, 
Division  of  Engineering  and  Applied  Physics,  Harvard  Uni- 
versity, Contract  F19628-73-C-0084,  June  1973. 

7.  "Photofabrication  of  Printed  Circuit,"  Eastman  Kodak 
Company  Pamphlet,  1968. 

8.  J.  Watkins,  "Circular  Resonant  Structures  in  Microstrip," 
Electronic  Letters,  vol.  5,  no.  21,  October  16,  1969. 

9.  S.  Ramo,  J.R.Whinnery,  and  T.  Van  Duzer,  Fields  and  Waves 
in  Communications  Electronics,  New  York:  Wiley  and  Sons, 
1967. 

10.  Engineering  Staff  of  Hewlett  Packard,  Microwave  Theory 
and  Measurements,  Englewood  Cliffs,  N. J. ; Prentice  Hall 
Inc.,  pp.  93-146,  1962. 

11.  Microwave  Network  Analyzer  Applications,  Hewlett  Packard, 
June  1970. 

12.  L.  C.  Shen  and  J.  A.  Kong,  Electromagnetic  Waves:  Intro- 
duction and  Application,  p.  7-12,  September  1,  1975 . 

13.  Mark  D.  Walton,  Martin  R.  Allerding,  Li2ing  C.  Shen  and 
Stuart  A.  Long, "An  Experimental  Investigation  of  the  Cir- 
cular Disc,  Printed  Circuit  Antenna, "IEEE  Region  V Confer- 
ence, April  1976. 


75 


76 


Example  from  1 GHZ  printed  circuit  antenna  grounded  at 
the  center  and  fed  at  the  mid  point. 


f = 967  MHZ 


a^^  = 5.52  cm. 
Si2  ~ 21.05  cm. 


VSWR 

9.5 


= 13.52  cm. 
S2  **  29.02  cm. 


1 = 31.02  cm. 

^theory 

>0  = (29.02  - 13.52)-2  = 31.0  cm. 

measured 


a^^  “ =-8.0  cm. 

^2  ~ ^2 


> average  = -7.985  cm. 


7.985 

31.0 


-.2575  X toward  load 
9 


SWR  average  = 9 
From  Smith  Chart 


^normal 


= 3 + j.04 


50(Zjj)  = = 150  + j2 


4 ; 


4 « 
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I 
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Appendix  II 


Program  for  Finding 


Impedance  from  the  Reflection  Coefficient 

<r  • 

L 


itWATFI  V riV":  =20v  ,L  I‘i€S=2000 

L t'Rt.GP.AM  FO-  riMjINi;  ZL  USIMCi  REF'.FCTION  COEFFIGCNT 

OIMCMSIOH  C<200U  A(  200),R<  200)  ,X(  200)  ,F  ( 2C  G » . Yl  200 
WRI1E  (G.lOOi 

lOj  FORYiT)  ril,nX,'FK£C<LENCY'  ,5X,'»EFLECIinN  « AO  . • , RX , • R EFL ECT I CN  ANO. 
c* , nx,  ux,  • X'// 1 


S > RtAI)  ( ‘>,200.ENJ  = 150)  O.CtT 
20.1  FIHMAT(3F10.‘>) 

I=l«l 
V ( n =0 
C ( I) =R 

A(  I ) = ( T".X.  1A12I  /la  . 

u=i.-(2.*G(i)‘(cciiA(i)ni*((c(n**2)«(ccii(A{ni**2)) 

C*  ( (C  ( I )**2  I "(  SPM  A)  I ) ) **2)  I 
R(  I ( i.-(  (C( ! l•*2)•Mcos( A(  I n *«2n-(  (Cl 

C'ccnc  *.(  n i««2» 

x(i ) =oo.*(  (2.*c(  n-sn(A(  1) ) )/u) 

F(  I ) = ( A(  I )*1P0.  I /3.  HI? 
fiD  TO  so 
ISC  DO  20  J=l , I 

W3I  T£(  i.,  .300)  Y(  Jl  ,C(  J)  ,F)J)  ,R(  J)  ,X(J) 

30'  format  ( lUO.RX.FlO.SHX.Fli-.S.UX.Fr.  .S.HX.FlO.bfAX.Fl.'.S) 
Zj  CO  it  lilOfc 
STOP 
END 


Data  for  600  MHZ  Circular  Disc  Ungrounded 


iii 


rnmm 


wimi 


f 


00030  si.o-toift 


JU>-AOdJ  &24 


unclassified 


HOUSTON  UNIV  TEX  DEPT  OF  ELECTRICAL  ENGINEERING  F/6  9/1 

AN  EXPERIMENTAL  INVESTIGATION  OF  THE  CIRCULAR  DISC  ANTENNA. (U) 

JUL  76  M R ALLERDING 


2 OF  9 

AO 

A065&24 

a 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

END 

DATE 

FIIMO 

6-78 

OOC 

MICROCOPY  REk)LUTION  TEST  CHART 

NAtlONAL  EnjRMU  OF  SUNDAROS  I%.Ht 


9)4  6 


0000  ».46l9, 
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Appendix  IV 


Data  for  600  MHZ  Circular  Disc  Grounded 


110.00000  1 .9103; 


► »468-99-  £t-SH‘/H  COCCS'S: 


Data  for  1 GH2  Circular  Disc  Ungrounded 


i/Of* 


h7Sft6  C*Tt  072176  PACE 


<7.39859 


<8 


1*6  ^ 


^•c^«/\fg  I !*\t\*r>^/rsfr\^.fr>m^  ^ -t  't  o 


^ ^ ® ® fM  M 

^ -o  ^ ^ 


^ r\i  ^ ^ll  >f 


(A  «/N  ^ 


^^WW^OOOOOIT.  0^f'®r<^000■♦®00'Cp^e‘'^0«C*lA®0C'®<^»<>^I^C‘«« 

ir«^c5o'C'^^C'<M'f^^®w'C‘^*oo  — C“o^•®*^'^-^'ce'C^■®oo®co'4^o^^^« 

»^M^^>.^^i^^0O^»<^®<^^O^^*^  OW®®C^OC*^'Of^  •^(^^«0■C*tt♦^ 


OOOOOOOOOOO 
ooooC'C3r*oor>0| 
O 'J  O C O O -V  O T ' 

0.<'C'jrt^O«^<%OXO 

*••*«••»••• 

OOOOOOoOO  I o 


o o o »*.  o O “»  o o > o 

o O O c o o o O o o 

Oc>0«>  OOjTOOOC^ 
->0 

*••••••••*• 

*^00  ^OOC'OO*-**— 


OOOOOOOwOOOOOOwOOOO- 

t'  f o o c*  o o •■>  o o C>  u c o o O o c 

n ~ o o • o o • «?  o r»  c>  I -3  o ' c* 

0‘9r»t^'00®9'C  (?  ?• 

.»  ■?  o W O 2*  > O o o O O •*»  Q o •>  •r' 


O O o o O > o O *>  O 3 .3  O C O O O O .*>  i>  o O O .•>  'J 

00'>  000  jOO  lOOOOOOOOOOOO&OOo  O 

0000C*CO00r'O0C*00000<^tj00C  OOc»v> 

tf>  c o L*k  o o -j  *^.  r*  /“I  ^ <©  <^  «»*  o <j  u r»  f,  o '.^  N ® T*  o 

oocc*»--*i-  — occooco«^pi**«^ooceioc*  — •- 


• • • (• 
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Appendix  VI 


Data  for  1 GHZ  Circular  Disc  Grounded 


10  O') 


i 


I 


1 

I 


T • 

i 

is 


I 


1 

1 

I 


600  MHZ 
£ - 548  MHZ 


t « 1/4 


133 

Field  Measurements 


Feed  Location  From 
Center  of  Disc 

Probe 

Location 

Magnitude 

(mv) 

Phase 

Magnitude 

Normalized 

Phase 

Normalized 

14.12  cm. 

11.55 

.435 

+120 

1 

0 

(Edge  Feed) 

9.99 

.410 

+110 

.943 

-10 

8.56 

.275 

+105 

.632 

-15 

7.13 

.246 

+95 

.552 

-25 

5.71 

.165 

+60 

.379 

-60 

4.29 

.135 

+25 

.31 

-95 

2.86 

.110 

-10 

.253 

-130 

1.43 

.076 

-45 

.175 

-165 

1.06 

.230 

-60 

.529 

-180 

2.81 

.285 

-80 

.655 

-200 

4.71 

.40 

-70 

.92 

-190 

6.4 

.45 

-20 

1.03 

-140 

8.15 

.52 

+10 

1.195 

-no 

11.483 

14.51 

.9 

-15 

4.09 

-45 

8.62 

.22 

+30 

1 

0 

7.2 

.13 

+35 

.59 

+5 

5.78 

.12 

+55 

.54 

+25 

4.36 

.115 

+130 

.523 

+100 

2.94 

.110 

+160 

.5 

+130 

1.52 

.09 

+270 

.4 

+140 

.86 

.095 

-120 

.43 

-150 

2.60 

.14 

-100 

.63 

-130 

4.50 

.19 

-90 

.86 

-120 

6.09 

.225 

-50 

1.02 

-80 

7.84 

.35 

-30 

1.59 

-60 

8.664 

13.9 

2.5 

-30 

.27 

+10 

12.79 

2.6 

-60 

.28 

-20 

11.68 

2.5 

-30 

.27 

+10 

10.09 

2.7 

-15 

.29 

+25 

5.81 

9.2 

-40 

1 

0 

4.38 

9.1 

-45 

.989 

-5 

2.95 

6.6 

-180 

.72 

-140 

1.52 

1.35 

-215 

.146 

-175 

.86 

6.4 

-220 

.695 

-180 

2.6 

7.8 

-160 

.84 

-120 

3.72 

8.3 

-135 

.902 

-95 

5.31 

10.0 

-100 

1.08 

-60 

i 

! 
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600  MHZ 


t = 1/4 


Field  Measurements 


f « 548  MHZ 


Feed  Location  From  Probe  Magnitude 


Magnitude 


Phase 


Center  of  Disc 

Location 

(mv) 

Phase 

Normalized 

Normal!: 

f 5.76  cm. 

13.86 

4.7 

+5 

.57 

+10 

1. 

12.75 

3.4 

-80 

.41 

-75 

11.63 

1.35 

-40 

.165 

-35 

\ 

10.20 

4.0 

+30 

.48 

+45 

1 

8.62 

11.0 

0 

1.34 

+5 

2.90 

8.2 

-5 

1 

0 

i 

1.47 

7.2 

-100 

.878 

-95 

.907 

1.45 

-160 

.176 

-155 

I 

2.65 

8.4 

-150 

1.02 

-145 

4.56 

10.5 

-100 

1.22 

-95 

6.15 

13.5 

-95 

1.64 

-90 

i 

7.90 

14.5 

-60 

1.76 

-55 

1 . 2.88  cm. 

14.5 

4.6 

-150 

1.27 

-255 

13.04 

3.0 

-160 

.833 

-265 

1 

11.42 

1.0 

-135 

.278 

-240 

10.02 

2.8 

-60 

.77 

-165 

1 • 

8.6 

6.8 

+25 

1.88 

-80 

4 

7.16 

7.5 

+20 

2.08 

-85 

5.74 

7.7 

+10 

2.1 

-95 

i , 

4.31 

6.7 

-50 

1.86 

-155 

.49 

3.6 

+105 

1 

0 

1 

1.25 

2.5 

+145 

.69 

+30 

1 

3.16 

1.1 

+150 

.305 

+35 

4.74 

2.4 

+155 

.67 

+40 

1 

6.49 

2.65 

+160 

.736 

+45 

1 

1 

1 

t 

600  MHZ 

£ » 538  MHZ 

Feed  Point 
Location  From 
Center  of  Disc 

Probe 

Location 

t » 3/8 

Magnitude 

(mv)  Phase 

135  1 

Field  Measurements  IP 

Magnitude  Phase  ft 

Normalized  Normalized  ft 

1 

14.12  cm. 

11.55 

.330 

+150 

1 

0 

9.99 

.290 

+138 

.878 

-12 

T 

8.56 

.245 

+115 

.742 

-35 

i 

7.13 

.225 

+90 

.682 

-60 

5.71 

.220 

+80 

.67 

-70 

4.29 

.155 

+60 

.469 

-90 

J 

2.86 

.150 

0 

.45 

-150 

1.43 

.100 

-70 

.30 

-220 

1.06 

.195 

-55 

.59 

-205 

2.81 

.215 

-40 

.652 

-190 

4.71 

.240 

-25 

.727 

-175  ; 

6.4 

.280 

-5 

.848 

-155  4 

T' 

8.15 

.340 

+15 

1.03 

-135  1 

11.483  cm. 

14.51 

.135 

+130 

.6 

+25 

8.62 

.225 

+105 

1 

0 

7.2 

.185 

+135 

.822 

+30 

5.78 

.175 

+145 

.798 

+40 

4.36 

.160 

+75 

.71 

-30 

j 

2.94 

.130 

+40 

.578 

-65 

i. 

1.52 

.115 

-65 

.511 

-170 

.86 

.076 

-110 

.338 

-215 

2.60 

.125 

-115 

.556 

-220  ‘ 

i , 

4.5 

.135 

-140 

.6 

-245  i 

6.09 

.175 

-80 

.778 

-185 

1 

7.89 

.180 

-35 

.8 

-140 

1 . 

8.66  cm. 

13.9 

.43 

+80 

.374 

-45 

12.8 

.22 

+60 

.191 

-65 

1 1 

11.7 

.28 

+110 

.24 

-15 

1 

10.1 

.35 

+120 

.304 

-5 

5.8 

1.15 

+125 

1 

0 1 

4.38 

.64 

+150 

.556 

+25  1 

1 

2.95 

.37 

-165 

.32 

-290 

1.52 

.23 

-150 

.2 

-275  , 

.86 

.56 

-130 

.487 

-255  I 

2.6 

.82 

-120 

.713 

-245  5 

3.72 

.94 

-105 

.82 

-225 

1 

1 

5.31 

1.65 

-60 

1.4 

-185  1 

1 

■ 

i 

T ‘ 

! 

J 
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600  MHZ 


t = 3/8 


Field  Measurements 


f = 538  MHZ 


Feed  Point 


Location  From 
« Center  of  Disc 

Probi 

Location 

Magnitude 

(mv) 

Phase 

(Degrees) 

Magnitude 

Normalized 

Ph 

Norma 

<1  5.76  cm. 

13.86 

2.7 

+60 

1.08 

+210 

12.75 

2.0 

+85 

.8 

+235 

7 

11.63 

1.7 

-170 

.68 

-20 

1 

10.2 

4.4 

-140 

1.76 

+10 

8.62 

5.7 

-130 

2.28 

+20 

2.9 

2.5 

-150 

1 

0 

1 

1.47 

2.4 

+30 

.96 

+180 

.907 

.85 

+20 

.34 

+170 

2.65 

2.0 

+5 

.8 

+155 

i 

4.56 

2.2 

0 

.88 

+150 

1. 

6.15 

2.8 

-130 

1.12 

+20 

t' 

7.9 

4.5 

-170 

1.8 

-20 

1,  2.88  cm. 

14.5 

1.35 

-95 

.586 

-20 

13.05 

.80 

-75 

.34 

0 

11.42 

.83 

+50 

.36 

+125 

1 

10.02 

.74 

+90 

.32 

+165 

4* 

8.6 

1.50 

+110 

.652 

+185 

w • 

7.16 

2.1 

+120 

.91 

+195 

5.74 

2.4 

+125 

1.04 

+200 

i. 

4.31 

2.5 

+155 

1.08 

+230 

.49 

2.3 

-75 

1 

0 

I 

1.25 

1.85 

-20 

.804 

+55 

1. 

3.16 

.036 

-25 

.156 

+50 

4.74 

1.45 

-30 

.63 

+ 45 

\ 

6.49 

2.2 

+20 

.957 

+95 
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600  MHZ  t = 1/2 

f « 538  MHZ 
Feed  Point 

Location  From  Probe  Magnitude 


Center  of  Disc  Location  (mv) 


14.12  cm.  11.55  .205 

9.99  .20 

8.56  .165 

7.13  .145 

5.71  .105 

4.29  .086 

2.86  .082 

1.43  .076 

1.06  .080 

2.81  .084 

4.71  .1 

6.4  .13 

8.15  .15 

11.483  cm.  14.51  .7 

8.62  1.25 

7.2  1.05 

5.78  .9 

4.36  .88 

2.04  .55 

1.52  .18 

.86  .64 

2.6  .74 

4.5  1.2 

6.09  1.22 

7.89  1.25 

8.66  cm.  13.9  .88 

12.8  .62 

11.7  .82 

10.1  .95 

5.8  1.85 

4.38  1.70 

2.95  1.55 

1.52  .95 

.86  .44 

2.6  1.10 

3.72  1.2 

5.31  1.35 


Field  Measurements 


Phase 

Magnitude 

Phase 

(Degrees) 

Normalized 

Normalized 

+80 

1 

0 

+100 

.976 

+20 

+110 

.905 

+30 

+90 

.707 

+10 

+60 

.512 

-20 

+25 

.419 

-55 

-30 

.4 

-no 

-55 

.37 

-135 

-75 

.39 

-155 

-100 

.409 

-180 

-no 

.487 

-190 

-90 

.63 

-170 

-65 

.73 

-145 

-20 

.56 

-130 

+110 

1 

0 

+80 

.84 

-30 

+60 

.72 

-50 

+45 

.704 

-65 

+15 

.44 

-95 

-5 

.144 

-115 

-25 

.512 

-135 

-80 

.592 

-195 

+40 

.96 

-70 

+70 

.976 

-90 

+80 

1 

-30 

+12 

.47 

-33 

+60 

.33 

+15 

+140 

.44 

+95 

+70 

.51 

+25 

+45 

1 

0 

-10 

.919 

-55 

-55 

.838 

-100 

-75 

.51 

-120 

-70 

.23 

-115 

-50 

.594 

-95 

-45 

.648 

-90 

-20 

.729 

-65 

f « 526  MHZ 


A 

r 

Feed  Point 
Location  From 
Center  of  Disc 

Probe 

Location 

Magnitude 

(mv) 

Phase 

(Degrees) 

Magnitude 

Normalized 

Phase 

Normalized 

i. 

5.76  cm. 

13.86 

1.4 

-50 

1 

-150 

12.75 

.84 

-15 

.6 

-115 

1 

11.63 

1.15 

+70 

.82 

-30 

i. 

10.2 

2.8 

+155 

2 

+55 

8.62 

3.3 

+125 

2.35 

+25 

i 

2.9 

1.4 

+100 

1 

0 

1 

1.47 

1.35 

+65 

.96 

-35 

.907 

1.2 

+40 

.857 

-60 

( 

2.65 

1.05 

-40 

.75 

-140 

4.56 

1.35 

-50 

.96 

-150 

1 

6.15 

2.05 

-60 

1.46 

-160 

i 

7.9 

2.15 

-50 

1.54 

-150 

2.88  cm. 

14.5 

1.55 

0 

.43 

-160 

13.05 

1.4 

-95 

.38 

-255 

11.42 

1.35 

-50 

.375 

-210 

10.02 

.80 

-20 

.22 

-180 

8.6 

.60 

-10 

.167 

-170 

I 

7.16 

.70 

+5 

.19 

-155 

i 

5.74 

1.20 

+45 

.33 

-115 

4.31 

1.3 

+140 

.36 

-20 

, 

.49 

3.6 

+160 

1 

0 

1.25 

2.35 

+140 

.65 

-20 

3.16 

1.0 

+120 

.278 

-40 

4.74 

.64 

+20 

.168 

-140 

t 

1 

6.49 

1.4 

-25 

.388 

-165 

1 

[ 


1 
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■ 1 GHZ 

t - 1/4 

Field  Measurements 

• £ » 890  MHZ 

« Feed  Point 

1 Location  From 

Probe 

Magnitude 

Phase 

Magnitude 

Phase 

Center  of  Disc 

Location 

(mv) 

(Degrees) 

Normalized 

Normalized 

"t  8.38  cm. 

6.74 

.57 

+130 

1 

0 

1 

5.32 

.4 

+120 

.7 

-10 

3.89 

.2 

+100 

.35 

-30 

2.47 

.18 

0 

.31 

-130 

1 

1.11 

.48 

-30 

.84 

-160 

A 

.395 

.58 

-35 

1.02 

-165 

1.826 

.86 

-40 

1.51 

-175 

1. 

3.254 

.98 

-30 

1.72 

-160 

€ • XS  cni* 

8.65 

8.2 

+135 

.61 

+5 

r 

3.3 

13.5 

+130 

1 

0 

1. 

1.87 

6.4 

-10 

.47 

-140 

.49 

5.6 

-30 

.41 

-160 

f ' 

.99 

2.1 

-40 

.156 

-170 

1 

2.42 

3.3 

-35 

.24 

-165 

1. 

4.8 

4.8 

-15 

.35 

-145 

r 

■ 

8.45 

25.0 

-10 

1.85 

-140 

•-  4.37  cm. 

8.66 

4.2 

+180 

.145 

+130 

7.22 

6.4 

+160 

.22 

+110 

f 

1.52 

29 

+50 

1 

0 

1. 

.09 

28 

+ 35 

.965 

-15 

1.345 

7.8 

+30 

.268 

-20 

r 

3.72 

5.8 

+25 

.2 

-25 

1 

7.37 

20.5 

-50 

.71 

-100 

1 . 

8.7 

21.0 

-25 

.72 

-75 

I 2.56  cm. 

8.28 

4.0 

-100 

.4 

-160 

1 

6.84 

2.1 

-80 

.21 

-140 

5.41 

2.4 

+35 

.24 

-25 

1 

.29 

10.0 

+60 

1 

0 

1 

2.68 

3.5 

+50 

.35 

-10 

6.33 

1.35 

-100 

.13 

-160 

1 

7.91 

6.0 

-120 

.6 

-180 

1.651  cm. 

8.7 

4.0 

-115 

.38 

-170 

7.35 

1.8 

-110 

.17 

-165 

1 

5.93 

5.0 

+30 

.476 

-25 

i 

4.5 

6.2 

+50 

.59 

-5 

.729 

10.5 

+55 

1 

0 

1 

4.3815 

1.85 

+25 

.176 

-30 

1 

5.969 

1.9 

-100 

.18 

-155 

1 GHZ 
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Field  Measurements 


Feed  Point 

Location  Frcmi  Probe  Magnitude 


Center  of  Disc  Location  (mv) 


8.38  cm.  6.74  1.35 

5.32  1.05 

3.89  .75 

2.47  .42 

1.11  .6 

.395  1.0 

1.83  1.35 

3.25  1.45 

6.15  cm.  8.65  1.35 

3.3  1.05 

1.87  .75 

.44  .42 

.99  .6 

2.42  1.00 

8.45  1.35 

4.37  cm.  8.66  7.8 

7.22  4.4 

1.52  25 

.09  23.5 

1.345  22 

3.72  6.8 

7.37  5.1 

8.7  13.0 

2.56  cm.  8.28  5.2 

6.84  3.0 

5.41  3.4 

.29  16 

2.68  11 

6.33  1.5 

7.91  4.2 

1.651  cm.  8.7  .34 

7.35  .18 

5.93  .24 

4.5  .64 

.729  1.0 

4.3815  .205 

5.969  .18 


Phase 

Magnitude 

Phase 

(Degrees) 

Normalized 

Normalized 

+180 

1 

0 

+170 

.78 

-10 

+150 

.55 

-30 

+100 

.31 

-80 

+65 

.44 

-115 

+30 

.74 

-150 

+20 

1 

-160 

-10 

1.07 

-190 

0 

1.29 

-45 

+45 

1 

0 

-40 

.71 

-85 

-60 

.4 

-105 

-70 

.57 

-115 

-120 

.95 

-165 

-100 

1.29 

-145 

+50 

.312 

-25 

+65 

.176 

-10 

+75 

1 

0 

0 

.94 

-75 

-75 

.88 

-150 

-70 

.272 

-145 

-65 

.204 

-140 

-60 

.52 

-135 

-5 

.325 

-155 

+20 

.188 

-130 

+135 

.212 

-15 

+150 

1 

0 

-140 

.6875 

-290 

+25 

.093 

-125 

-25 

.262 

-175 

-30 

.34 

+5 

-150 

.18 

-115 

-40 

.24 

-5 

-25 

.64 

+10 

-35 

1 

0 

-145 

.205 

-110 

+160 

.18 

+195 

ftm 
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Field  Measxirements 

1 ■ 

f « 834  MHZ 

' H 

Feed  Point 

' r 1 

Location  From 

Probe 

Magnitude 

Phase 

Magnitude 

Phase 

Center  of  Disc 

Location 

(mv) 

(Degrees) 

Normalized 

Normalized 

8.38  cm. 

6.74 

.90 

+30 

1 

0 

^ I 

5.32 

.70 

-50 

.78 

-80 

1 * 

3.89 

.46 

-60 

.51 

-90 

2.47 

.22 

-70 

.24 

-100 

T 

1.11 

.2 

-75 

.22 

-105 

.395 

.64 

-105 

.71 

-135 

1 

1.83 

.70 

-160 

.78 

-190 

' T 

3.254 

.94 

-140 

1.044 

-170 

i 1 

1 ; M 

6.15  cm. 

8.65 

.7 

-50 

.74 

-80 

i 

3.3 

.94 

+30 

1 

0 

'i 

1.87 

.90 

+20 

.957 

-10 

.44 

.7 

-50 

.74 

-80 

' 1 

.99 

.64 

-60 

.68 

-90 

i 

2.42 

.40 

-70 

.43 

-100 

1 Jft 

4.8 

.46 

-90 

.49 

-120 

1 

8.45 

.60 

-100 

.64 

-130 

i 7* 

1, 

4.37  cm. 

8.66 

2.3 

-55 

.177 

-125 

7.22 

4.2 

-30 

.32 

-100 

1.52 

13.0 

+70 

1 

0 

i 

.09 

12.5 

+60 

.96 

-10 

1.345 

6.9 

+40 

.53 

-30 

3.72 

12.0 

-10 

.92 

-80 

7.37 

12.5 

-30 

.96 

-100 

. 

. i. 

8.7 

20 

-60 

1.53 

-130 

! f' 

2.56  cm. 

8.28 

2.8 

-10 

.29 

-155 

1 

6.84 

1.5 

+25 

.159 

-120 

5.41 

2.8 

+140 

.29 

-5 

E 1 

.29 

9.4 

+145 

1 

0 

1 

2.68 

7.0 

+130 

.74 

-15 

I * 

6.33 

.84 

+40 

.89 

-105 

1 , 

7.91 

2.4 

-30 

.25 

-175 

* 

! 1 

1.651  cm. 

8.7 

1.0 

-85 

.OS 

-180 

7.35 

.32 

-40 

.02 

-135 

1 

5.93 

1.0 

+75 

.09 

-20 

1 

4.5 

2.3 

+85 

.21 

-10 

.729 

11.0 

+95 

1 

0 

4.3815 

1.0 

+70 

.09 

-25 

1 

1 1 

5.97 

.42 

-20 

.03 

-95 

WL 

J 
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